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The method of images is employed to insert the effects of the presence of a single lateral boundary
on contrast functions previously derived for an infinite slab using a random walk model of photon
transport. The predictions of the model for zero and extrapolated boundary conditions are compared
with Monte Carlo~MC! simulations and with experimental results obtained using a homogenous
phantom with tissue-like optical properties. As expected, the extrapolated boundary condition
yields better agreement between the theoretical predictions and results obtained from MC and
experiments. This indicates that the random walk model has potential as a forward model in
iterative imaging schemes developed for optical tomography. ©1999 American Association of
Physicists in Medicine.@S0094-2405~99!01709-5#
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I. INTRODUCTION

Near-infrared~NIR! spectroscopy has demonstrated valua
contributions to medical diagnosis over the past couple
decades.1–3 The different absorption characteristics of ox
and deoxy-haemoglobin enable measurements of transm
light at certain NIR wavelengths to yield important clinic
information related to tissue function. Naturally, research
working in this field have become increasingly interested
localizing the region of tissue under examination, and
development of a generalized optical imaging technique
currently receiving considerable attention in the biomedi
optics community.2–6 However, optical tomography is a ver
difficult problem. Unlike the forms of ionizing radiation em
ployed by current medical imaging methods such as C
SPECT, and PET optical radiation is scattered profusely
tissue. A collimated beam of light can only propagate a m
limeter or so through most tissues before the initial directi
ality of the beam is completely lost. The predominance
scatter ensures that absolute measurements of transmitte
tensity across several centimeters of tissue are much m
strongly influenced by photon interactions at the surface t
by the specific optical properties of localized regions dee
within the tissue. As a result, continuous wave~cw! imaging
systems developed commercially in the past demonstr
very poor spatial resolution and contrast,7 which motivated
researchers to investigate measurements with a greater i
mation content. Specifically, researchers have explored
potential of time and frequency domain measurements.4,5,8

The assumption that underlies optical tomography is t
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a finite set of measurements of transmitted light betwe
pairs of points on the surface of an object is sufficient
reconstruct an arbitrary three-dimensional~3D! distribution
of internal scatterers and absorbers. Unfortunately, the us
the Radon transform and backprojection methods is inv
for all but a limited and largely trivial set of circumstance
Therefore, some investigators have sought a general solu
of the inverse problem by attempting to recover the para
eters describing an appropriate model of photon transpor
comparing its predictions with the measured data. The mo
may then be adjusted subsequently in an iterative fash
until acceptable correspondence is achieved. This appro
requires two distinct components:~i! a forward model which
can generate a set of reliable measurements from a g
internal 2D or 3D distribution of scattering and absorbi
parameters, and~ii ! a scheme for adjusting the parameters
the forward model based on a minimization of the error b
tween the model predictions and the experimental data.
latter component can be approached in a number of ways
recently reviewed by Arridge and Hebden.6 Although meth-
ods may vary in terms of speed of computation, reconstr
tion is more critically dependent on the accuracy of the f
ward model than on the error minimization scheme.
variety of theories and models for light transport in tiss
have been explored.6 By far the most flexible in terms o
modeling arbitrarily complex objects are Monte Car
methods.9–11 However, the substantial computation requir
in order to obtain adequate statistics prohibits their use
iterative reconstruction schemes. Computation time can
18229…/1822/10/$15.00 © 1999 Am. Assoc. Phys. Med.
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reduced significantly by employing deterministic models,
which the most general is the numerical solution of the
diative transfer equation.12,13 Further reduction of the com
putation time can be achieved by the diffusion approxim
tion to the radiative transfer equation.14 Another alternative
is a random-walk model, in which the tissue is represen
by a simple cubic lattice and photons move randomly
tween adjacent lattice points. A relatively straightforwa
mathematical analysis of random walk15,16 yields a powerful
description of photon migration. When photon motion occ
with each of the lattice directions having equal probabili
random walk can, in some sense, be considered to be eq
lent to a finite difference approximation of the diffusio
equation but gives the possibility to obtain simple analyti
formulas describing photon propagation in many practica
important cases~see, e.g., review of Ref. 16!.

Recent achievements of the random walk theory~RWT!
developed at the National Institutes of Health~NIH! include
demonstrations of its ability to accurately model the tim
resolved transmittance across uniform slabs of tissue, as
as slabs containing isolated targets of different scatterin
absorbing properties.17–19 Many predictions of RWT have
been confirmed using time-resolved measurements on
able slab phantoms with tissue-like optical properties. R
cently, a methodology was developed which facilitates
accurate quantification of the optical properties and the c
section of abnormally scattering and/or absorbing targe20

This methodology is based on the derivation of tim
dependent contrast functions. However, the model have
sumed media consisting of infinite slabs, and it has b
necessary to compare its predictions with data recor
along lines of sight sufficiently far from lateral boundaries
phantoms. It has generally been assumed that sufficien
this case implies a distance from the boundary of at least
the thickness of the slab. If RWT is to be developed into
effective forward model for optical tomography it is essent
that it be adaptable to realistic finite tissue geometries. I
significant step towards this goal we present an attemp
model the effects of a plane lateral boundary on the cont
functions obtained from time-resolved measurements
transmitted intensity. Effects of a single lateral boundary
inserted to the two pertinent quantities needed for the c
putation of the contrast functions. Namely, the time of flig
expression for an homogeneous slab, and the expressio
the point spread function~PSF!. The predictions of the
model are compared with those of Monte Carlo simulatio
and with the results of an experiment performed on a tiss
like slab.

II. RANDOM WALK MODEL

A. Time-of-flight probability for a slab with a side
boundary

The application of RWT to a homogenous slab of tiss
without lateral boundaries is described in detail by Gandj
khcheet al.17 Photon position and flight time are describ
in terms of dimensionless coordinates (x,y,z) and the num-
ber of stepsn respectively. The slab is considered to beN
Medical Physics, Vol. 26, No. 9, September 1999
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lattice units thick, bounded by planes atz50 andz5N, and
the absence of lateral boundaries implies that coordinatx
and y can assume all integer values from2` to `. Each
photon enters the medium at a pointr0 and exits at pointr
5(x,y,N) after n steps.

Let pn(r ,r0) be the probability that a photon injected atr0

at n50 is at r after stepn. In the earlier analysis for an
infinite slab,17 the joint probability was derived that a photo
transmitted through the slab emerges at a horizontal shr
~expressed in lattice units! from the point of insertion. As-
suming the source is located at pointr05(0,0,0), the prob-
ability of detecting a photon at the exit pointr5(r,0,N) is
given by

pn~r ,0!5pn~r,0,N,0!

5
A3

2
~2pn!23/2expF2mn2

3r2

2n G
3 (

k52`

` H expF2
3@~2k11!N22#2

2n G
2expF2

3@~2k11!N#2

2n G J , ~1!

wherem describes the loss of photons~per lattice unit! due to
absorption.

We now seek to redefinepn(r ,0) as pn(r ,0,R) for the
case of a lateral boundary situated at a distanceR lattice units
from the source. The geometry of corresponding experim
tal setup is presented in Fig. 1~abnormally absorbing and/o
scattering target inside the slab, analyzed below in Sec.
is also shown!. For simplicity, we assume that the two later
boundaries are far enough from each other that photon
jectories are perturbed only by one of these boundaries.
though the resulting expressions would be quite complica
the mathematical construct for the presence of both lat
boundaries is a straightforward extension of the analysis
low. In fact, it is similar to transition from the propagator
the semi-infinite space to the propagator in the infinite re
angular slab that can be presented as an infinite serie
terms of the free space propagators.16 Thus, the result for the
slab with two lateral boundaries can be reduced to an infi
series of the infinite slab propagators.

The standard technique to take into account the prese
of a boundary is the method of images.21 In which some
imaginary sources are added to the real one in order to
vide the fulfillment of the necessary boundary condition
Three types of these conditions were suggested for the
of absorbing plane boundary in the literature, i.e., ‘‘ze
boundary’’, ‘‘extrapolated boundary,’’ and ‘‘partial curren
boundary.’’22–27The first two of them suggest zero fluence
some plane. For the ‘‘zero boundary’’ condition, this zer
fluence plane is the boundary plane itself. For the ‘‘extrap
lated boundary’’ condition, it is the plane parallel to th
boundary but shifted outward from the scattering mediu
Magnitude of this shiftde depends on the reflective prope
ties of the boundary and scattering coefficient of t
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FIG. 1. Geometric scheme assumed for theoretical model, Monte Carlo simulations and corresponding experimental setup.
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medium.22,23 For totally absorbing boundary~no refraction
index mismatch!, it is shown in the paper23 that
de>0.71/ms8. In the RWT framework, it is reasonable to e
timatede as a half of the lattice step~exiting photon leaves
the boundary lattice point and disappears, being abso
halfway to the next~external! lattice point! that gives similar
resultde5(A2ms8)

21>0.71/ms8 . The so-called ‘‘partial cur-
rent’’ boundary condition deals with both the flux and fl
ence at the physical boundary of the scattering medium.
shown to give very close results to the ‘‘extrapolated bou
ary’’ condition.22 These results proved to be more accur
than given by the application of the simple ‘‘zero boundar
condition.

Thus, the effect of an absorbing plane boundary may
reproduced by placing a negative source beyond the slab
provide the ‘‘zero boundary’’ condition, the position of th
source should be symmetrical to the position of the r
source relative to the boundary plane. Similarly, to prov
the ‘‘extrapolated boundary’’ condition, the image and t
real sources should be symmetrical relative to the ‘‘extra
lated boundary’’ plane. It should be noted that for a perfec
reflecting boundary, the corresponding image source is p
tive, and it is positioned symmetrically relative to bounda
plane to provide zero flux through the boundary.16

Applying the method of images to the quantitypn(r ,0,R),
the new expression for the detection probability in the pr
ence of lateral boundary can be calculated as follows:

pn~r ,0,R!5pn~r ,0!7pn~r ,r 8!, ~2!

where r 85(22R2r,0,N) for the ‘‘zero boundary’’ condi-
tion or r 85(22(R1d̃e)2r,0,N) for the ‘‘extrapolated
boundary’’ condition,d̃e is the mentioned above shift of th
extrapolated boundary plane relative to the physical bou
Medical Physics, Vol. 26, No. 9, September 1999
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ary in the lattice units. The sign in the r.h.s. of Eq.~2! is
‘‘ 1’’ only for the perfectly reflecting boundary, when th
image source is positive.16

In accordance with Fig. 1, the sign convention forr is the
following: r is positive if the source is closer to the sid
boundary than the detector and negative otherwise.

Before taking the analysis any further, we will first co
vert each of the dimensionless parameters in the mode
real physical variables. The propagation of light through t
sue can be described in terms of four fundamental charac
istics: the refractive index, the absorption coefficientma , the
scatter coefficientms , and the scatter anisotropy factorg.
However, over distances of a few millimeters or great
photon transport can be conveniently described in terms
the transport scatter coefficientms85ms(12g). This param-
eter can be considered as the scatter coefficient for isotr
scattering in the medium. It can be shown that the appro
ate transformations are:17

m→ ma

ms8
, n→ms8cDt, r→ r̄

ms8

A2
, r→d

ms8

A2
,

~3!

N→T
ms8

A2
11, R→R̄

ms8

A2
,

wherec is the speed of light in the medium~mm/ps!, Dt is
the excess photon transit time~ps!, r̄ is the distance variable
~mm!, R̄ is the distance between the source and the s
boundary~mm!, d is the horizontal displacement between t
source and the detector~mm!, andT is the thickness of the
slab ~mm!. By replacing all these quantities in Eqs.~1! and
~2!, it can be shown that the time-of-flight probabilit
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p̃Dt(d,T,R̄) with the presence of a side boundary under
assumption of the ‘‘zero boundary’’ condition is given by

p̃Dt~d,T,R̄!5pDt~d,T!expS 2
3ms8d

2

4cDt D
3H 12expF2

3ms8@~2R̄1d!22d2#

4cDt
G J , ~4!

wherepDt(d,T)5pDt( r̂ ,0), r̂5(d,0,T).
In the specific case that the source and detector

aligned on axis (d50), Eq. ~4! becomes

p̃Dt~0,T,R̄!5pDt~0,T!F12expS 2
3ms8R̄

2

cDt
D G . ~5!

As expected, the probability approaches that for an infin
slab for very large values ofR̄, and falls to zero as the sourc
approaches the side boundary (R̄→0). From Eq.~5! it is a
straightforward matter to calculate the total transmitted
tensityI (R̄) and the mean flight timêDt&(R̄), as a function
of the boundary distanceR̄ as follows:

I CW~R̄!5E
0

`

d~Dt ! p̃Dt~T,R̄!, ~6!

^Dt&~R̄!5
*0

`d~Dt !Dt p̃Dt~T,R̄!

*0
`d~Dt ! p̃Dt~T,R̄!

. ~7!

It is evident that, for the ‘‘extrapolated boundary’’ conditio
R̄ in r.h.s. of Eqs.~4!–~7! should be replaced byR̄1de .
Presented above expressions forI cw(R̄) and ^Dt&(R̄) are
compared with numerical and experimental results in S
III.

B. Time-dependent contrast functions

Previous studies described in detail elsewhere19,20 have
employed RWT to determine the ability of optical time-o

FIG. 2. Contrast correction due to the side boundary~additive component!.
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flight measurements to detect anomalously absorbing or
fusing targets embedded in an otherwise uniform medium
quantity known as the time dependent contrast was defi
as the normalized difference between transmitted fluxes
the absence and presence of the target. The contrast func
for absorbing and diffusing targets are approximated resp
tively by:

CA~r ,r0 ,n!'h
W~s,r ,r0!n11

pn~r ,r0!
, ~8!

CD~r ,r0 ,n!'^DnD&
W~s,r ,r0!n2W~s,r ,r0!n21

pn~r ,r0!
, ~9!

whereW(s,r ,r0)n is the probability that a photon, after en
tering the slab atr0 visits the site of the target ats
5(s1 ,s2 ,s3) and is detected atr at stepn. The constantsh
and^DnD& are quantities related to the optical properties a
the size of the target.20 The functionsCA andCD are known
as the absorptive and diffusion contrast functions, resp
tively.

To obtain expressions for the contrast functions in
presence of a side boundary, the quantityW(s,r ,r0)n needs
to be modified. From the previous analysis,20 W(s,r ,r0)n is
given by

W~s,r ,r0!n5(
l 50

n

pl~r ,s!pn2 l~s,r0!

5
9

16p3/2n3/2 (
k52`

`

(
m52`

`

$Fn@a2~k!,b2~m,r!#

1Fn@a1~k!,b1~m,r!#

2Fn@a1~k!,b2~m,r!#

2Fn@a2~k!,b1~m,r!#%, ~10!

FIG. 3. Dependence of the ratioDWDt /WDt on the distance from the side
boundary resulted in the multiplicative component of the contrast correct
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FIG. 4. ~a!–~f! Curves of the cw intensity near the side boundary forms850.5, and 1.0 mm21, ma50.0, 0.003, and 0.005 mm21, respectively-comparison o
the RWM estimates with the results of the Monte Carlo simulations.
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Fn~a,b!5S 1

a
1

1

bDexpF2
~a1b!2

n G ,
a6~k!5$ 3

2@s1
21~s312kN61!2#%1/2,

b6~k!5$ 3
2@~r2s1!21~N2s312kN61!2#%1/2.

For simplicity, we have assumed that the target is locate
the same plane (y50) as the horizontal displacement b
tween the source and detector, such thats5(s1,0,s3). Again
one can replace the dimensionless parameters in Eq.~10!
with the physical variables as defined in Eq.~3!.

By employing the method of images once again@similar
to Eq. ~2!# to modify probabilitiespl(r ,s) andpn2 l(s,r0) in
the Eq.~10! for the case of the absorbing lateral bounda
we obtain an expression forW̃Dt(x1,0,x3 ,d,T,R̄) which rep-
Medical Physics, Vol. 26, No. 9, September 1999
in

,

resents the algebraic sum of four functions correspondin
the four combinations of the real source, the detector
their images:

W̃Dt~x1,0,x3 ,d,T,R̄!

5WDt~x1,0,x3 ,d,T!1WDt~2R̄81x1,0,x3 ,d12R̄8,T!

2WDt~x1,0,x3 ,d12R̄8,T!2WDt~2R̄81x1,0,x3,d,T!,

~11!

where R̄85R̄ for the ‘‘zero boundary’’ condition,R̄85R̄
1de for the ‘‘extrapolated boundary’’ condition, and the p
rametersx1 , x250, andx3 are the actual coordinates of th
target expressed in millimeters.

It will be shown in Sec. III that the ‘‘extrapolated bound
ary’’ condition gives the more accurate description of t
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effect of the lateral boundary than the ‘‘zero boundary’’ co
dition ~as was previously shown to be the case for the infin
slabs22–25!.

Equation~11! can be expressed as the function obtain
for an infinite slab plus an extra corrective term:

W̃Dt~x1,0,x3 ,d,T,R̄!5WDt~x1,0,x3 ,d,T!

1DWDt~x1,0,x3 ,d,T,R̄!, ~12!

where WDt(x1,0,x3 ,d,T)5WDt(x, r̂ ,0), x̂5(x1,0,x3), r̂
5(d,0,T).

Note that previously it was shown that the complicat
expressions forW(s,r ,r0)n or in physical coordinates
WDt(x, r̂ ,0) can be approximated by a simple Gaussian fu
tion, which considerably simplifies the calculations of co
trast and thus significantly reduces the computation invol
in solution of the inverse problem.18

FIG. 4. ~Continued.!
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In the case of a rectangular slab with a lateral bounda
new expressions for the time-dependent contrast funct
are derived by inserting expressions forp̃Dt(d,T,R̄) and
W̃Dt(x1,0,x3 ,d,T,R̄) into Eqs.~8! and~9!. For a target that is
weakly absorbing, we obtain

C̃A~x1,0,x3 ,d,T,R̄!Dt5CA~x1,0,x3 ,d,T!Dt

3H 11
DWDt~x1,0,x3 ,d,T,R̄!

WDt~x1,0,x3 ,d,T! J
1

pDt~d,T!2 p̃Dt~d,T,R̄!

pDt~d,T!
. ~13!

Note that the last term in the r.h.s. of the Eq.~13! ~additive
correction term!, which is also the most significant, does n
depend on the position of the target but only on the positi
of the source and detector relative to the side boundary.
behavior of this term is illustrated by Fig. 2 for the case o
slab of thicknessT540 mm, and optical propertiesms8
51.0 mm21 and refractive index of 1.0. Note that neither
the correction terms have dependence uponma . The hori-
zontal axis is the distanceR̄ between the boundary and th
source-detector axis. Two values of time delayDt have been
selected, equal to 750 and 2500 ps. The dependence o
ratio DWDt /WDt @in parenthesis in Eq.~13!# on the distance
from the side boundaryR̄ is illustrated in Fig. 3 for the same
slab geometry and properties, and for a target located in
midplane of the slab at the distancexs5x11R̄ from the side
boundary. These figures support the general assumption
the influence of a lateral boundary on time-resolved m
surements only becomes highly significant when the dista
between the source-detector axis and the boundary is
than about half the total thickness of the slab.

III. MODEL VALIDATION

A. Monte Carlo model

In principle, Monte Carlo~MC! methods are able to simu
late photon migration for any set of physical circumstanc
and consequently have been employed as a means of va
ing other modeling schemes which generally involve simp
fying assumptions. The trajectories of individual photons
simulated according to statistical rules which govern pho
interactions within the medium. The research team at
University of Florence has, over a period of many yea
developed a sophisticated MC model based on sca
relationships.11 Although the computer code makes use
Mie scattering functions, to significantly reduce computati
time and the disk memory requirements, the results repo
here have been obtained by assuming an asymmetry facg
equal to zero, corresponding to Raleigh scatterers. Comp
to the appropriately scaled results for nonzerog values, this
approach produces only a very slight discrepancy near
source or for photons with very short flight times. The Fl
rence model has been used extensively to study photon
gration through slab geometries. The ability to simulate
diverse set of physical properties has been achieved by
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FIG. 5. ~a!–~f! Curves of the mean flight time near the side boundary forms850.5, and 1.0 mm21, ma50.0, 0.003, and 0.005 mm21, respectively~comparison
of the RWM estimates with the results of the Monte Carlo simulations.~g! Dependence of the mean flight time near the side boundary on thetmax of the Monte
Carlo simulations forms851.0 mm21, ma50.0 mm21).
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computing the trajectories of many thousands of transmi
photons for homogenous media with zero absorption an
refractive index of unity. Thereafter, the stored trajector
are appropriately weighted according to the distribution
absorption within the slab, making use of scaling relatio
ships. Appropriate weights can also be used to simulate
behavior of scattering inhomogeneities.11

The University of Florence MC model was employed
derive the temporal distribution of photons transmitted
tween a source and detector aligned on opposite sides
slab of thicknessT540 mm. The optical properties wer
ms850.5 or 1.0 mm21, andma50., 0.003, or 0.005 mm21. A
total of 30,000 trajectories were recorded using a dete
which accepts photons over all angles of incidence withi
radius of 2 mm. These data were then used to estimate
intensity and mean photon flight time as a function of t
Medical Physics, Vol. 26, No. 9, September 1999
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distanceR̄ between the source-detector axis and a tota
absorbing side boundary. In practice, intensity and m
time estimates were calculated using all trajectories w
flight times less than 3200 or 4000 ps forms850.5 or 1.0
mm21, respectively. Figures 4 and 5 show a comparison
tween the MC model results and the predictions of the RW
model as expressed by Eqs.~6! and ~7!, respectively. Each
figure consists of six sets of curves corresponding to
three values of the absorption coefficient. The intens
curves in Figs. 4~a!–4~f! are shown on a logarithmic scale
and represent the results of the RWT calculations for
‘‘zero’’ and ‘‘extrapolated boundary’’ conditions (ze

50.71/ms8 for the considered refraction index of the slabnr

51). The MC model intensities were calculated by dividin
the number of detected photons by the number of phot
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FIG. 5. ~Continued.!
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launched into the medium, and then dividing by the area
the detector.

In accordance with the scaling relationships Eq.~3!, to
compare the intensity found from MC~in mm22 ps21! and
corresponding probability estimated from RWT, we shou
multiply the latter by the dimensional factorK5(c/ms8)
3(A2/ms8)

252c(ms8)
3 ~in fact, we take into account both

the effective areaS of the RWT ‘‘detector,’’ which is equal
to the area of the lattice unitS5(A2/ms8)

2 and the relation
between the step of the photon random walk and timedt
5(cms8)

21).
Figures 4~a!–4~f! demonstrate that a very good agreeme

is obtained between the RWT curve for the ‘‘extrapolat
boundary’’ condition and the Monte Carlo results. Accura
of the RWT model proved to be better than 3%. The ‘‘ze
boundary’’ condition gives qualitatively correct but less a
curate results~especially, as can be expected, for smal
valuesms8 which correspond to largerze).

The RWT results in Figs. 5~a!–5~f! show the predicted
variation in mean flight timê t& as the source-detector ax
approaches the side boundary for a similar range of flig
time maxima. It is compared with the MC model. In a
cases, accuracy of the RWT for the ‘‘extrapolated boun
ary’’ condition is again not worse than 3%.

It is worth noting that RWT formulas can be used to c
culate in advance the maximum measured flight time su
cient to provide an accurate estimate of the mean. For
ample, in the case ofms850, theDtmax of 4000 ps selected
for the Monte Carlo model in the case ofms851.0 mm21

proved to be insufficient, and a value ofDtmax of 10 000 ps
would have been more appropriate. The dependence of
mated^t& values on theDtmax is illustrated by Fig. 5~g!.

B. Experimental results

To explore the validity of the RWT model further, a
experimental study was performed of the influence of late
boundaries on time-resolved transmitted imensity meas
ments across a homogenous tissue-like slab. The exp
ments were performed at University College London usin
system based on a Ti:sapphire laser and a streak came
solid homogenous slab was cast from a suspension of
nium dioxide particles and a NIR dye in epoxy resin, acco
ing to a recipe developed by Firbank and Delpy.28 The pre-
dicted optical properties of the slab at a wavelength of 8
nm werems851.0 mm21 andma50.01 mm21, and a refrac-
tive index of 1.56. The thickness of the slab was 35 mm, a
the lengths along the other two dimensions were both
mm. Pulses from the laser were delivered to the surface
the slab via an optical fiber, with a mean power of about 4
mW at a wavelength of 800 nm. The transmitted signal w
then relayed to the streak camera via a fiber bundle alig
precisely with the source fiber across the 35 mm thicknes
the slab. The source-detector axis was initially aligned alo
the center of one side, 53 mm from the top and bottom s
faces of the slab. The temporal distribution of transmitt
light, known as the temporal point spread function~TPSF!,
was then acquired by recording the transmitted signal ov
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5 s period. The axis was then translated in 1 mm steps
wards the center of the slab, in a direction parallel to the
and bottom surfaces. Data were recorded for a total tran
tion of 50 mm. The instrumentation and the data acquisit
process are described in greater detail elsewhere.29,30Follow-
ing a routine series of calibrations,30 the recorded TPSF
were used to calculate the relative intensity and mean fl
time of the transmitted light. To confirm the optical prope
ties of the slab, the TPSFs recorded at points furthest f
the boundary were compared with a RWT model of the tim
resolved transmittance,17 which yielded values of ms8
51.0 mm21 andma50.009 mm21.

To substantially reduce the influence of the finite tempo
window of the streak camera, least-squares fits o
diffusion-based analytical model were made to each recor
TPSF, which were then used to estimate intensity and m
flight time.21 Although the model for a homogeneous sl
medium did not account for the presence of lateral bou
aries, by including arbitrary amplitude and temporal offs
terms in the fitting process, very good quality fits we
achieved.21,29 Because streak cameras are not suitable
measuring absolute intensities, the data have been nor
ized to unity at the point furthest from the boundary.

Figure 6 shows the estimates of intensity compared to
predictions of the RWT model with negative image sou
~the lateral boundary is not perfectly reflecting!. In fact, in
the experimental setup the surface reflectance of this bo
ary has been further reduced by a black absorbing co
Figure 7 shows the experimental estimates of mean fl
time compared with the RWT model. Both assumptions c
cerning boundary conditions at the lateral surface of the s
~‘‘zero boundary’’ and ‘‘extrapolated boundary’’! were con-
sidered. Although agreement between the data and the R
model with ‘‘zero boundary’’ condition is qualitatively good
the fit become better for the ‘‘extrapolated boundary’’ wi

FIG. 6. Curves of the cw intensity near the side boundary~comparison of the
RWM with the experimental data!.
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ze5(A2/ms8)'1.4 mm. This value ofze ~equal to an addi-
tional lattice unit! is almost two times smaller than the es
mated value found directly from the refraction index m
match between the stab and the air22,23 ze5(2.71/ms8),
indicating the reduction in effective reflectivity of the later
boundary from expectedReff'0.6 to Reff'0.33 due, possi-
bly, to the decreased index mismatch between the phan
surface and its black cover.

IV. SUMMARY AND DISCUSSION

When a measurement is made of the optical signal tra
mitted between two points on the surface of a highly scat
ing medium such as tissue, it is dependent on more t
simply the optical properties along the line of sight. T
geometry and properties of the surrounding volume will
fluence all but the photons with the shortest possible flig
times. Geometrical effects have been shown to be a sig
cant problem in the generation and interpretation
transillumination images. Recently, Fantiniet al.31 have ex-
plored a method to correct for the proximity of lateral boun
aries in frequency-resolved transmittance measurement
the breast. A high degree of correction to AC modulati
measurements was achieved usinga posteriori information
derived from the simultaneous measurement of phase de

Fast and efficient solution of the inverse problem in op
cal tomography would benefit from the application of a fo
ward model that is expressible analytically. In this resp
RWT is a powerful and versatile technique. RWT mode
have been developed for increasingly sophisticated ge
etries and internal distributions of optical properties.
method has been demonstrated here of modifying a ran
walk model to take account of the influence of lateral boun
aries on the time-resolved signal through a uniform slab. T
predictions of the model have been shown to be in very g
agreement with those of a Monte Carlo model, and w

FIG. 7. Curves of the mean flight time near the side boundary~comparison
of the RWM with the experimental data!.
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experimental results. The general method can easily be
tended to handle additional lateral boundaries, although
resulting analytical expressions are necessarily comp
However, ultimate extension to arbitrary media may requ
the use of finite-element or finite-difference schemes.6 In the
near future, we expect to apply the modified time-resolv
contrast functions described here to imaging and quantita
analysis of targets that are adjacent to lateral boundaries
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